Introduction
Phytases are hydrolytic enzymes that can degrade phytate (myo-inositol hexakisphosphate) and release inorganic phosphate (Pi), and thus could be utilized as additive enzymes in animal feed to enhance phosphorus nutrient availability. Phytases could be applied in feed with three strategies: When using phytases to degrade phytate during the steam pelleting process in feed manufacturing, thermophilic phytases are favored [1, 2] . For livestock and poultry, which always possess a highly acidic pH in the stomach, acidophilic and acid-stable phytases have an advantage, for they are able to work at low pH and withstand acid denaturation [3] . In comparison, aquaculture demands special phytases with competitive activity level at the typical low temperatures in water (usually between 0°C and 25°C), as well as at the weak acidic or near-neutral pH in fish gastrointestinal environments [4] . Many thermophilic, thermostable, and acid-stable phytases have been identified or engineered [5] [6] [7] [8] [9] [10] , whereas only a few psychrophilic phytases are reported to date [11] [12] [13] . It is necessary to exploit new psychrophilic phytase candidates with aquacultural potential.
Morchella importuna (strain SCYDJ1-A1) is a black morel, which was successfully cultivated under artificial conditions in recent years ( Fig. 1 ) [14] . Previous studies suggest that Morchella species generally prefer low temperatures [15] [16] [17] . According to the cultivation experiences of M. importuna SCYDJ1-A1 in several provinces of China, including Sichuan, Yunnan, and Hubei, the mushroom usually requires environmental temperatures below 20°C to grow actively and fruit. It can survive in frozen soil of the eastern QinghaiTibetan plateau in winter. Since a lot of psychrophilic enzymes were discovered in psychrophilic microbes [18] [19] [20] [21] , we inferred that M. importuna could possibly possess some psychrophilic enzymes. In this study, a phytase with a competitive activity level at low temperatures was mined from the expressed sequence tags (ESTs) of M. importuna.
Materials and Methods

Strain Origin
M. importuna SCYDJ1-A1 was originally collected in 2011, from the hilly terrain of Muerda village (31°36'N, 103°25'E), Lixian county, Sichuan province, China. This site belongs to the eastern part of the Qinghai-Tibetan plateau, which has a cold climate all through the year.
Phytase Identification
The ESTs of M. importuna SCYDJ1-A1 were previously sequenced and assembled into EST cluster consensi by the Joint Genome Institute of the Department of Energy, USA. The EST cluster consensi dataset was then deposited to the MycoCosm Fungal Genomics Resource database (http://genome.jgi.doe.gov/pages/ dynamicOrganismDownload.jsf?organism=Morimp1). To mine the phytase in M. importuna, the EST cluster sequences were downloaded and annotated in batch by blastx, using the Blast2GO software.
Signal Peptide Prediction
The putative signal peptide was predicted with SignalP 4.1 [22] , as previously described [8] .
Phylogenetic Analysis
The amino acid sequence of MiPhyA was aligned with reference histidine acid phosphatase (HAP) phytases using MAFFT as previously described [23] . A neighbor-joining phylogenetic tree was constructed with an integrated tool of MAFFT and then visualized with iTOL [24] as previously described [8] .
Cloning and Overexpression
The coding sequence of MiPhyA was subjected to codon optimization for Pichia pastoris and then chemically synthesized, with an 8×histidine tag attached to the C-terminus. The fragment was cloned into a pPIC9K vector between the EcoRI and NotI sites. The recombinant plasmid was linearized and transformed into P. pastoris GS115 cells as described by Fu et al. [25] . The recombinant protein was overexpressed in P. pastoris GS115 using the methods and conditions described by Huang et al. [26] .
Protein Purification
The supernatant of the P. pastoris GS115 culture was concentrated by ultrafiltration, purified by Ni-affinity chromatography, and further refined by gel-filtration (Table S1 ), using the procedures described by Tan et al. [27] . The purified MiPhyA was checked with HPLC (by Sangon Biotech Inc., Shanghai, China) to guarantee a purity ≥95%. The molecular weight (Mw) of the recombinant protein was determined with MALDI-TOF (by Sangon Biotech Inc.). The concentration of the protein was determined with the Bradford colorimetric assay [28] using bovine serum albumin as a calibrating standard. The protein was then adjusted to a final concentration of 100 μg/ml, frozen in small aliquots by liquid nitrogen, and kept in a -80°C freezer until used.
Preparation of Reference Phytases
Two well-known phytases, derived from Escherichia coli and Aspergillus niger, respectively [4, 29, 30] , were used for comparison with MiPhyA in pH profile, temperature profile, and Pi yields from soybean meal, rapeseed meal, and corn meal.
For the E. coli phytase, a recombinant E. coli BL21(DE3) strain overexpressing the AppA phytase of E. coli K-12 substr. W3110 has been constructed in a previous study [3] . The coding gene of the E. coli AppA phytase (EcAppA) was cloned into a pET26b(+) vector with a C-terminal 6×histidine tag and an N-terminal PelB signal peptide in order to secrete the overexpressed recombinant protein into culture supernatant. The recombinant EcAppA was overexpressed using the same procedures as previously described [3] . Briefly, the recombinant E. coli BL21(DE3) cells were grown at 37°C until the optical absorbance at 600 nm reached 0.6, and then induced by 0.2 mM Isopropyl β-D-1-thiogalactopyranoside (SigmaAldrich, China) at 18°C for 16 h. Purification of the EcAppA protein from culture supernatant was done with the same procedures used for MiPhyA in this study.
For the A. niger phytase, an uncoated commercial phytase of A. niger (AnPhyA) was purchased from VTR Bioscience & Technology Co. Ltd. (China), which was produced by direct A. niger fermentation.
Biochemical Characterization
Phytase activity was measured with the molybdate-blue colorimetric assay [31] . Sodium phytate (Sigma-Aldrich) was used as the substrate in the reaction at a final concentration of 5 mM. All reactions were performed in triplicate. One unit (U) was defined as the phytase activity required to release 1 μmol of Pi per minute. Using the same experimental procedures previously described by Tan et al. [8] , the temperature profile, pH profile, temperature stability, pH stability, and kinetic parameters of MiPhyA were determined. Effects of usual cations, chelating agents (EDTA and EGTA), and denaturants (SDS and urea) were assessed at different concentrations. Nonspecific activities for other substrates were measured at pH 6.5 and 25°C. Each of the tested substrates was supplemented at a final concentration of 5 mM in the reaction. The activity for each tested substrate was compared with the activity for phytate, thereby shown as a percentage.
Hydrolysis of Phytate in Feed Materials
Phytate-degrading efficacy by MiPhyA on three common feed materials (soybean meal, rapeseed meal, or corn meal) was evaluated using the method previously described by Huang et al. [12] . EcAppA and AnPhyA were used for reference. To compare the Pi release using the same amount of phytase activity units, 0.25 U of each tested phytase was mixed with 1 g of soybean meal, rapeseed meal, or corn meal. To measure the Pi release using the same weight of phytase protein, 0.1 μg of each tested phytase was mixed with 1 g of soybean meal, rapeseed meal, or corn meal. The pH used in the reaction was the optimum pH for each tested phytase, and the incubation temperature was 25°C. The amount of Pi released in 1 h was determined with the molybdate-blue colorimetric assay [31] .
Statistical Analysis
Significance of difference was assessed by one-way ANOVA, using PASW Statistics software ver. 18 (IBM SPSS Inc., USA).
Sequence Accession
The protein sequence of MiPhyA is accessible with the GenBank accession number MF150912.
Results
Identification of the M. importuna Phytase
Using Blast2GO, a phytase gene belonging to the HAP family was identified from a total of 45,396 assembled EST cluster sequences of M. importuna. The phytase, named MiPhyA, consists of 546 amino acids (AA). It possessed typical conserved motifs of HAP phytases: RHGERFP in AA125-131 and HD in AA394-395. No signal peptide was identified, as predicted by SignalP 4.1, suggesting that the enzyme might be either an intracellular enzyme or a secreted enzyme whose transport to the extracellular space might utilize various secretion systems of the eukaryotic cell.
Homolog proteins of MiPhyA were searched in the NCBI non-redundant protein database by blastp. Among all putative proteins (updated to 2 n d
March 2017), the closest hit was a hypothetical protein of Tuber melanosporum Mel28 (GenBank Accession No. XP_002836377), which showed 70% identity. Among all the real phytases that had been verified by experimental evidence (updated to 2 n d March 2017), the closest hit was Aspergillus niger PhyB (GenBank Accession No. AAA02934), which showed 38% identity.
Phylogenetic Analysis
The amino acid sequence of MiPhyA was aligned with 20 bacterial phytases, 15 fungal phytases, plus the putative T. melanosporum phytase as references. A neighbor-joining phylogenetic tree was then constructed. The phylogenetic analysis showed that the fungal phytases and bacterial phytases were clustered into two distinct groups (Fig. 2) . Among the fungal phytase group, MiPhyA had relatively farther phylogenetic relationship with other fungal phytases, indicating that MiPhyA had low homology with known phytases.
Purified MiPhyA Protein
MiPhyA was purified to homogeneity (Table S1 , Fig. 3 ). The Mw was approximate 60 kDa as indicated by SDS-PAGE and 61,089 Da as measured by MALDI-TOF (data not shown), which are both consistent with the theoretical Mw of monomeric MiPhyA (61.09 kDa), suggesting that the purified recombinant MiPhyA was monomeric.
Temperature and pH Profiles
The phytase activity of MiPhyA was measured at its optimum pH (6.5) at different temperatures. For comparison, EcAppA and AnPhyA were assayed at the same temperatures, at their respective optimum pH. The temperature profile showed that MiPhyA was most active at 25°C, with an activity level of 2,384.6 ± 90.4 U/mg (Fig. 4A) . It maintained over 85% of the phytase activity at 15-25°C (>2,029.0 ± 108.4 U/mg), but the activity level quickly dropped if the temperature was elevated to 30°C (1,296.0 ± 41.7 U/mg), indicating that the phytase was optimum at low and medium temperatures. Even at 0-5°C, the phytase could maintain over half of its maximum activity level (>1,232.8.6 ± 47.4 U/mg). In comparison, EcAppA and AnPhyA had much higher optimum temperatures (both at 55°C), but their activity levels were not comparable to MiPhyA. EcAppA had a maximum activity level of 899.1 ± 32.8 U/mg, whereas the maximum activity level of AnPhyA reached only 112.9 ± 7.9 U/mg. The activity level of MiPhyA was higher than EcAppA and AnPhyA in the temperature range between 0°C and 45°C.
The pH profile showed that the phytase was most active at pH 6.0-6.5 (2,307.2 ± 83.9 and 2,384.6 ± 90.4 U/mg, respectively) and appeared to have a secondary peak at pH 4.5 (1,714.4 ± 35.4 U/mg) (Fig. 4B ). EcAppA and AnPhyA showed much lower activity than MiPhyA at all tested pH values. EcAppA had an optimum pH of 4.5, whereas AnPhyA was optimum at pH 5.5, which are both more acidic than the optimum pH of MiPhyA.
Temperature and pH Stability
Decline of phytase activity when incubated at different pH and temperatures was monitored. At the optimum pH (6.5), MiPhyA had a deduced half-life time (t
) of 147 min at 25°C, 110 min at 45°C, and 25 min at 65°C (Fig. 4C) . It indicates that the enzyme was stable at low and medium temperatures but was not thermostable. At the optimum temperature (25°C), the enzyme had a deduced t 1 / 2 of 188 min at pH 6.5, 48 min at pH 4, and 56 min at pH 11 (Fig. 4D) . It means that the protein was stable at neutral or weak acidic pH but showed weak resistance to medium acidic pH and alkalic pH.
Catalytic Kinetics
Kinetic parameters of MiPhyA were determined under the optimum condition (pH 6.5, 25°C) with Eadie-Hofstee 
Effects of Cations, Chelating Agents, and Denaturants
The effects of several usual cations were tested (Fig. 5A) . The results showed that K + could enhance the phytase activity at 5 mM but slightly inhibited the enzyme at 20 mM. Na caused severe inhibition. The phytase activity seemed not to be cation-dependent, since chelating agents EDTA and EGTA (at both 5 and 20 mM concentrations) showed no significant inhibition on the activity (Fig. 5B) .
Denaturants SDS and urea showed no significant inhibitory effect when supplemented at low concentrations (0.1% of SDS and 5 mM of urea) (Fig. 5B) . However, notable inhibition was observed when 1% of SDS or 100 mM of urea was supplemented. The phytase could be completely inactivated by 10% of SDS or 5 M of urea.
Nonspecific Phosphohydrolytic Activities
Among all the tested substrates, MiPhyA showed the highest activity level on phytate, whereas the phosphohydrolytic activities on other substrates were much lower than the phytase activity (Fig. 5C ). It means that MiPhyA is a typical phytase but possesses wide substrate specificity. Among the nonspecific substrates, MiPhyA showed relatively higher activities on para-nitrophenyl phosphate, glucose-1-phosphate, and phenyl phosphate, whereas the activities on ADP and AMP were low.
Pi Yields in Feed Materials
The phytate hydrolytic effects of MiPhyA, EcAppA, and AnPhyA on three common feed materials (soybean meal/ rapeseed meal/corn meal) were determined respectively. The Pi yields were compared. When phytase was blended with feed material at a ratio of 250 U per kg and incubated at 25°C for 1 h, MiPhyA released 3.15 ± 0.29 mg of Pi from soybean meal, 2.60 ± 0.32 mg from rapeseed meal, and 2.82 ± 0.31 mg from corn meal (Fig. 6A) . The Pi released by EcAppA and AnPhyA was much less than by MiPhyA. For soybean meal, MiPhyA could get approximately 4.0× more Pi yield than EcAppA and 4.6× more than AnPhyA. For rapeseed meal, MiPhyA got 3.7× more Pi yield than EcAppA and 4.5× more than AnPhyA. For corn meal, MiPhyA Effects of chelating agents and denaturants on the phytase activity of MiPhyA. The final concentrations of EDTA, EGTA, SDS, and urea supplemented in the assays are provided in parentheses. For A and B, the activity without supplementing any cation, chelating agent, or denaturant was defined as 100%. a: significantly higher than 100%; b: no significant difference with 100%; c: significantly lower than 100%. (C) Nonspecific phosphohydrolytic activities of MiPhyA for several different substrates. The activity for phytate was defined as 100%. For all the activity assays in A, B, and C, the conditions were pH 6.5 and 25°C. 
Discussion
This study mined an HAP phytase from M. importuna, a psychrophilic ascomycete mushroom. Although many fungal-derived phytases have been studied [9, 32] , exploiting phytases from edible fungi was still in an initial stage. To our best knowledge, the first mushroom-derived phytase was from Agrocybe pediades CBS 90096 [33] , which is a basidiomycete. MiPhyA from M. importuna is the second phytase mined from edible mushrooms, and is the first phytase reported in ascomycete mushrooms. The phytase had low homology with all the known phytases.
The temperature profile of MiPhyA is suitable for the low temperature of water in aquacultural environments. Recent studies reported that the psychrophilic phytase AppA of Erwinia carotovora var. carotovota ACCC 10276 had an optimum temperature of 40°C [11] and the cold-adapted phytase of Rhodotorula mucilaginosa JMUY14 had an optimum temperature of 50°C [13] . In comparison, these phytases were less psychrophilic than MiPhyA. To our best knowledge, MiPhyA had the lowest optimum temperature among all the known phytases. The pH profile showed that the phytase was most active under near-neutral or weak acidic conditions. To our best knowledge, only a few HAP phytases possess a high optimum pH comparable to that of MiPhyA; for example, the phytases from Aspergillus niger NII08121 (optimum pH 6.5) [34] , A. fumigatus ATCC 34625 (optimum pH 6.5) [35] , and Thermomyces lanuginosus (optimum pH 6.0) [36] as well as a phytase mined from a soil metagenome (optimum pH 6.5) [37] . Unfortunately, these four phytases have lower activity level at low temperatures than MiPhyA. Beta-propeller (BPP) phytases have high optimum pH (usually above 7.0), but the activity levels of most BPP phytases at low temperatures are generally lower in comparison with MiPhyA [9] . Taking into account these advantages, MiPhyA could be more competitive than other phytase candidates for application at weak acidic pH and low temperatures.
MiPhyA showed low thermostability, but this would barely affect the practical efficacy of this phytase, since the temperatures in aquacultural environments are usually low. If phytases were used as biocatalysts, taking effect during the steam-pelleting process of feed manufacturing, thermophilic and thermostable phytases are indeed preferred. However, when the enzymes were fed to animals, thereby taking effect in the gastrointestinal system, a competitive activity level under psychrophilic or mesophilic condition could be more important. Given that MiPhyA showed no thermostability, acidic stability, or alkalic stability, the enzyme is more suitable for application as an additive enzyme supplemented after all heat processes of feed manufacturing. It should avoid extreme pH and temperature conditions.
Common nutrient cations at low concentrations had no obvious inhibitory effect on MiPhyA, which makes the enzyme competent as a feed additive enzyme. The phytase activity is not cation-dependent, but could be significantly stimulated by Ca 2 + , which is analogous to the HAP phytase of Yersinia enterocolitica [38] . In comparison, BPP phytases are all strictly Ca 2 + -dependent, suggesting that they could be more sensitive to low calcium availability than MiPhyA. Notably, the significant inhibition caused by Fe 3 + means that a highly ferric condition should be avoided. MiPhyA could resist low concentrations of SDS and urea, and received obvious inhibitory effects from SDS and urea at medium and high concentrations, like other phytases [38] [39] [40] [41] [42] [43] [44] [45] .
MiPhyA showed a considerable advantage over two wellknown phytases [46] in hydrolysis of phytate in soybean meal, rapeseed meal, and corn meal. The two reference phytases were the E. coli pH 4.5 phytase and the A. niger pH 5.5 phytase, which were the main components of the commercial phytases Optiphos and Natuphos manufactured by Enzyvia [9] and BASF [4, 47] , respectively. The two commercial phytases have been used in fish feed [48, 49] . The Pi yields by the E. coli phytase and A. niger phytase determined in this study were basically in agreement with the results in other studies [12, 26] . Using the same amount of phytase activity units, MiPhyA could get at least 3× more of Pi yield than the E. coli phytase and A. niger phytase. Using the same weight of phytase protein, the advantage became bigger, which was at least 5×. It showed that MiPhyA was more efficient in degrading phytate in feed material at low temperatures of common aquatic environments. Altogether, the favorable features make MiPhyA a promising candidate as an additive phytase in aquacultural feed.
